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ABSTRACT: The valleytronic state found in group-VI transition-
metal dichalcogenides such as MoS2 has attracted immense interest
since its valley degree of freedom could be used as an information
carrier. However, valleytronic applications require spontaneous valley
polarization. Such an electronic state is predicted to be accessible in a
new ferroic family of materials, i.e., ferrovalley materials, which
features the coexistence of spontaneous spin and valley polarization.
Although many atomic monolayer materials with hexagonal lattices
have been predicted to be ferrovalley materials, no bulk ferrovalley material candidates have been reported or proposed. Here, we
show that a new non-centrosymmetric van der Waals (vdW) semiconductor Cr0.32Ga0.68Te2.33, with intrinsic ferromagnetism, is a
possible candidate for bulk ferrovalley material. This material exhibits several remarkable characteristics: (i) it forms a natural
heterostructure between vdW gaps, a quasi-two-dimensional (2D) semiconducting Te layer with a honeycomb lattice stacked on the
2D ferromagnetic slab comprised of the (Cr, Ga)-Te layers, and (ii) the 2D Te honeycomb lattice yields a valley-like electronic
structure near the Fermi level, which, in combination with inversion symmetry breaking, ferromagnetism, and strong spin-orbit
coupling contributed by heavy Te element, creates a possible bulk spin-valley locked electronic state with valley polarization as
suggested by our DFT calculations. Further, this material can also be easily exfoliated to 2D atomically thin layers. Therefore, this
material o!ers a unique platform to explore the physics of valleytronic states with spontaneous spin and valley polarization in both
bulk and 2D atomic crystals.

1. INTRODUCTION
Among two-dimensional (2D) materials, one family of
material, i.e., monolayers of group-VI transition metal
dichalcogenides (TMDCs) such as MoS2, is of particular
interest.1−7 These materials not only possess an active valley
degree of freedom but are also characterized by inversion
symmetry breaking and strong spin-orbit coupling (SOC). The
combination of these traits creates a unique electronic state
featuring spin-valley locking.1−7 Such spin-valley-locked states
generate distinct topological valley transport properties such as
the valley Hall e!ect, spin Hall e!ect, and photo-induced
charge Hall e!ect.7−9 These exotic properties have great
potential for applications in valleytronics and spintronics.10
However, the realization of these applications requires control
of valley polarization. Significant e!orts have been devoted to
finding ways of lifting valley degeneracy, which have led to
significant experimental progress. External stimuli such as
optical pumping,3,4,11 external magnetic fields,12 and magnetic
doping13−15 have shown e!ectiveness in creating valley
polarization. However, these means are di"cult to be
implemented in valleytronic devices for practical applications.
Optical pumping is a dynamic process that cannot be used for
device operations for information storage. Magnetic field-

driven valley polarization requires extremely strong magnetic
fields, which are not accessible in real devices. Magnetic doping
can induce strong disordering scattering, which is also
unfavorable for device operations.
Another recently established approach is to use the

interfacial magnetic proximity e!ect in heterostructures to
achieve valley polarization control.16−21 For instance, the
heterostructure formed by a 2D ferromagnetic (FM) semi-
conductor CrI3 and a WSe2 monolayer enabled unprecedented
control of spin and valley pseudospin in WSe2 and rapid
switching of valley splitting and polarization using magnet-
ization flipping.21 In addition to the heterostructure strategy,
there have been significant theoretical e!orts aiming at
predicting 2D valleytronic materials with intrinsic ferromag-
netism, which are named ferrovalley materials.22 If such
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materials could be realized, it would avoid challenges in
fabricating complex heterostructures and enable valley polar-
ization switching via magnetization flipping. We note that a
number of monolayer ferrovalley materials have been predicted
in the literature, including 2H-VSe2,22 2H-LaBr2,23 2H-GdX2
(X = I, F, Cl, and Br),24,25 VAgP2Se6,26 Nb3I8,27 TiVI6,28
VSi2N4,

29 Cr2CoF,30 NbX2 (X = S, Se),31 Janus 2H-VSSe,32
and 2H-LaBrI.33 Although these predictions are yet to be
verified experimentally, it points to a promising direction for
the practical control of spin and valley polarization in
valleytronic devices.
In this study, we report a new non-centrosymmetric van der

Waals (vdW) semiconductor Cr0.32Ga0.68Te2.33 with intrinsic
ferromagnetism, which is a possible candidate for bulk
ferrovalley material. This material forms a natural hetero-
structure composed of a 2D FM layer and a 2D semi-
conducting layer between vdW gaps. Its ferromagnetism
originates from the 2D Cr sublattice, while the 2D Te
honeycomb lattice forms its 2D semiconducting layer. One
distinct characteristic of such a heterostructure is the natural
combination of inversion symmetry breaking, strong SOC
induced by heavy Te element, ferromagnetism, and active
valley degree of freedom enabled by the honeycomb Te lattice.
Our DFT band structure calculations suggest that such a
natural heterostructure generates a valleytronic state with
spontaneous valley polarization. Moreover, we find that this
material can be mechanically exfoliated to 2D atomically thin
layers. Given that the single crystals of Cr0.32Ga0.68Te2.33 can be
easily synthesized and its magnetization is large (∼ 3.0μB/Cr)
and can be controlled by the magnetic field, it o!ers a
promising platform for exploring the tunability of spin and
valley polarization via magnetization manipulation and seeking
anomalous valley Hall e!ect22 in bulk and 2D atomic crystals.

2. RESULTS AND DISCUSSION
Single crystals of Cr0.32Ga0.68Te2.33 (Figure 1d) were
synthesized using a flux method (see the Methods). We
performed single-crystal X-ray di!raction (XRD) as well as
neutron di!raction measurements to determine the crystal
structure of this material. The structure refinement based on
these measurements (see the Methods) shows that this
material crystallizes in a non-centrosymmetric trigonal

structure with the space group of P3 (no. 143). The
composition resulting from the refinement is Cr0.32Ga0.68Te2.33,
consistent with the averaged composition measured by X-ray
energy-dispersive spectroscopy (EDS), Cr0.32Ga0.69Te2.20 (note
that the measured ratio of Cr/Ga to Te has a relatively larger
uncertainty due to the large discrepancy in the atomic mass
between Te and Cr/Ga). Figure 1a presents the schematic of
the structure of Cr0.32Ga0.68Te2.33, which exhibits several
interesting characteristics. First, this structure is layered with
a vdW gap and built of the stacking of Te(1)-[Ga, Cr]-[Te(2),
Te(3)] atomic layers along the c axis. Te(1), Te(2), and Te(3)
represent the Te atoms that occupy three distinct sites in the
unit cell. Te(2) and Te(3), while showing a tiny discrepancy in
the c axis coordinate (see Table 1), form a quasi-2D
honeycomb lattice, as shown in Figure 1b. Nevertheless,
such a quasi-2D honeycomb lattice is imperfect, and there are
abundant vacancies on both Te(2) and Te(3) sites. The
occupancies of Te(2) and Te(3) are 68.3 and 64.4%,
respectively. Second, the Cr and Ga sites are not fully
occupied either, with occupancies of 31.7% for Cr and 68.3%
for Ga; Cr is slightly shifted (∼0.77 Å) along the c axis relative
to Ga (see Figure 1a). Third, Ga and Cr display di!erent
coordination with Te; Ga is tetrahedrally coordinated with
Te(2) and Te(1), whereas Cr is octahedrally coordinated with
Te(1) and Te(3) (see Figure 1c). Since Ga is bounded with
Te(2) but not with Te(3), the occupancy of the Ga site is the
same as that of the Te(2) site (i.e., 68.3%). There is no
structural transition from 300 K down to 4 K. The structural
parameters determined from the fits to the neutron di!raction
results at 4 K are summarized in Table 1.
We further performed scanning transmission electron

microscopy (STEM) analyses on Cr0.32Ga0.68Te2.33 to confirm
its structure determined by the neutron di!raction experiment.
Figure 2a,b shows the high-angle annular dark-field (HAADF)
STEM images from the [100] and [001] zone axes. The insets
in Figure 2 show the magnified images from the regions
highlighted by the dashed red and blue boxes, respectively. The
crystal structure models refined from the neutron di!raction
are superimposed onto the STEM images in the insets. The
HAADF-STEM image from the [100] zone axis in Figure 2a
reveals the atomic arrangement of the layered crystal structure
formed by the stacking of the Te(1)-(Ga, Cr)-[Te(2), Te(3)]
slabs, which shows a good agreement with the structure model
refined from neutron di!raction spectra. The intensity of the
atomic columns of Te(2) and Te(3) show variations (see
Supplementary Figure S1), indicating the presence of vacancies
on both sites; this agrees with the site occupancy of 68.3% for
Te(2) and 64.4% for Te(3) derived from the neutron
di!raction structure refinement. In contrast, the intensity of
the atomic columns of Te(1) remains constant (Figure S1),
consistent with the occupancy of 1.0 fitted by the neutron
di!raction. For the atomic columns occupied by the Ga and Cr
ions (1a site), it also exhibits intensity variation. Moreover,
their atomic columns are slightly elongated along the c axis,
which corroborates the abovementioned slight atomic position
shift (∼ 0.77 Å) of Cr relative to Ga along the c axis. The
HAADF-STEM image from the [001] zone axis in Figure 2b
shows the projection of the staggered stacking of the [Te(2),
Te(3)] honeycomb lattice on the (Cr/Ga)Te(1) lattice.
Numerous vacancies on the Te(3) sites are discernable, as
manifested by their relatively lower intensity. As an example,
the red dashed circle in the inset of Figure 2b highlights a
vacancy site of Te(3). Additionally, we also observed

Figure 1. (a) Crystal and magnetic structure of Cr0.32Ga0.68Te2.33. (b)
Honeycomb lattice formed by Te(2) and Te(3) atoms. (c)
Octahedral environment of Cr and tetrahedral environment of Ga.
(d) Picture of a typical Cr0.32Ga0.68Te2.33 crystal.
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incommensurate di!use scattering in the selected area electron
di!raction (SAED) patterns taken along the [100] and [001]
zone axes (Supplementary Figure S2), suggesting the
emergence of short-range ordering in the structure. Since Cr
and Ga form octahedral and tetrahedral coordination with Te,
respectively, short-range ordering of the CrTe(1)3Te(3)3
octahedra and GaTe(1)3Te(2) tetrahedra may lead to short-
range ordering of Te(2) and Te(3), which might be the origin
of the observed di!usive incommensurate di!raction spots in
Figure S2.
Another important structural character is t ic of

Cr0.32Ga0.68Te2.33 is its inversion symmetry breaking, as
manifested by its non-centrosymmetric space group P3. We
have verified this feature through second harmonic generation
(SHG) measurements. SHG, defined as Pi2ω ∝ dijkEj

ωEk
ω, is the

second-order nonlinear optical process that occurs only in
materials lacking inversion centers. Because of its sensitivity to
the crystal structure, it can be applied to characterize the point
group of the material. The SHG polarimetry was employed to
extract the point group of Cr0.32Ga0.68Te2.33. The linearly
polarized incident electric field was rotated by an angle of ψ
and focused on the crystal whose [21̅1̅0] and [011̅0] axes were
parallel to the lab X and Y axes, respectively, as shown in
Figure 3a. The generated SHG intensities were collected by the
photo-multiplier tube detector after decomposing into p-
polarized (∥) and s-polarized (⊥) light. As shown in Figure 3b,
six sets of polarimetry data measured with three di!erent
incident angles α were fitted simultaneously to three di!erent
models based on the point groups of 3, 32, and 3m. We found
that the model of point group 3 yields the best fit, which is
consistent with the P3 structure determined by the neutron
di!raction experiment.
In addition to structure determination, we have also

characterized the electronic and magnetic properties of
Cr0.32Ga0.68Te2.33 and found that it is an FM semiconductor

with a narrow direct band gap. Its ferromagnetism is revealed
from magnetization measurements. Figure 4a,c shows its
temperature dependences of magnetic susceptibility χ meas-
ured with a magnetic field of 1000 Oe applied to the in-plane
(H∥ab) and out-of-plane (H⊥ab) directions, respectively,
under zero-field cooling (ZFC) and field cooling (FC)
histories. A sharp magnetic transition near 20 K was observed
in these measurements. To reveal the nature of this magnetic

Table 1. Atomic Coordinates, Occupancy, and Anisotropic Thermal Parameters for Cr0.32Ga0.68Te2.33 Determined from the
Fits to the Squared Structural Factors of the Nuclear Peaks Collected at Neutron Single-Crystal Di!ractometer TOPAZ at 4
Ka

atom Wycko! occupancy x y z U11 = U22 U33 U12

Cr 1a 0.317(5) 0 0 0.1116(5) 0.0040(2) 0.0104(2) 0.00202(11)
Ga 1a 0.683(6) 0 0 0 0.0040(2) 0.0104(2) 0.00202(11)
Te1 1c 1 2/3 1/3 0.8594(2) 0.0160(5) 0.0678(11) 0.0080(2)
Te2 1a 0.683(9) 0 0 0.3615(2) 0.0858(3) 0.0115 (5) 0.0429(6)
Te3 1b 0.644(7) 1/3 2/3 0.3723(3) 0.141(3) 0.0161 (9) 0.0705(14)

aThe space group P3 (no. 143) has been identified with lattice parameters, a = b = 4.0219(2) Å, c = 7.0560(3) Å, α = β = 90°, and γ = 120°.

Figure 2. HAADF-STEM images of the Cr0.32Ga0.68Te2.33 acquired
from (a) [100] and (b) [001] zone axes. The insets are the magnified
images from the region highlighted by the dashed red and blue boxes,
respectively, with the crystal model from neutron di!raction
superimposed. The dashed red circle in (b) highlights one of the
vacancies on the Te(3) site.

Figure 3. (a) Schematics of the SHG experiment. (b) Polar plots of
Cr0.32Ga0.68Te2.33 measured at three incident angles. The blue and red
dots correspond to the p-polarized (∥) and s-polarized (⊥) SHG
response, respectively. The black line is the theoretical fit for point
group 3.

Figure 4. (a, c) Temperature dependence of magnetic susceptibility
measured under ZFC and FC histories for Cr0.32Ga0.68Te2.33 with (a)
H⊥ab configuration and (c) H∥ab configuration. Isothermal magnet-
ization with (b) the H⊥ab-plane and (d) the H∥ab-plane at various
temperatures. Inset: enlarged isothermal magnetization with (b) the
H⊥ab-plane and (d) the H∥ab-plane at T = 2 K.
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transition, we have also measured its isothermal magnetization
at various temperatures under H∥ab and H⊥ab configurations,
respectively. The data from these measurements, presented in
Figure 4b,d, show clear FM polarization upon magnetic field
sweeps, indicating that the magnetic transition near 20 K
should correspond to an FM transition. Moreover, we
observed small magnetic hysteresis in the field sweeps of
magnetization below Tc (∼20 K), with the a coercive field of
300 Oe (see the inset in Figure 4b,d), indicating that
Cr0.32Ga0.68Te2.33 should be a soft ferromagnet. In its polarized
FM state at 7 T, we find that its saturated magnetic moment
Ms is ∼3.02 μB/Cr for H∥ab and 3.16 μB/Cr for H∥c,
consistent with the ground spin state of S = 3/2 for Cr3+. The
slightly greater Ms for H∥c than for H∥ab implies that its spin
easy axis is along the c axis. Our symmetry analysis based on
the refined crystal structure from neutron di!raction indicates
that the out-of-plane FM order with the magnetic space group
P3 (no. 143.1) (Figure 1a) is indeed the only symmetry-
allowed FM structure with a maximal magnetic space group in
Cr0.32Ga0.68Te2.33.34 Nevertheless, our temperature-dependent
neutron scattering measurements did not find a clear increase
in neutron scattering intensity in low-Q peaks such as (010),
(−110), (−111), (020), and (−330) below 20 K, suggesting
that the ferromagnetism probed in magnetization should be of
short-range character. As discussed above, the short-range FM
order can be attributed to the low occupancy of Cr (only
∼31.7%) and Cr/Ga short-range ordering. Such short-range
FM order is expected to produce very weak and di!usive
magnetic scattering superimposed on the nuclear peaks, which
is hard to be detected using unpolarized neutron di!raction at
TOPAZ.
The direct band-gap semiconducting properties of

Cr0.32Ga0.68Te2.33 are revealed from the room-temperature
Fourier-transform infrared (FTIR) spectroscopy measure-
ments shown in Figure 5a,b. In FTIR measurements, the
transmittance spectrum (T) was collected on the (0001)
surface of Cr0.32Ga0.68Te2.33. Interference fringes were observed
at higher wavelengths, where the crystal is optically transparent
(Figure 5a). The absorption coe"cient α can be estimated
using

I I eout in
t= (1)

where t is the thickness of the sample; Iin and Iout are the
incident and transmitted intensities, respectively, and T I

I
out

in
= .

The Tauc plot of (αhν)2 vs photon energy E exhibits a linear
behavior (Figure 5b), suggesting that Cr0.32Ga0.68Te2.33
possesses a direct bandgap.35 The optical bandgap is estimated
to be 0.36 eV, as shown in Figure 5b. Its semiconducting
properties are also verified in the measurements of the
temperature dependence of resistivity (Supplementary Figure
S3). Since the FM ordering temperature of this compound is
relatively low (∼20 K), the FM exchange interaction should be
relatively weak, which should cause only a minor impact on the
band gap.
Next, we will show that the semiconducting properties of

Cr0.32Ga0.68Te2.33 originate from the [Te(2), Te(3)] honey-
comb layer, and its interplay with the 2D FM layer of Cr is
likely to generate a spin-valley locked electronic state with
valley polarization. In general, a honeycomb lattice could
enable an active valley degree of freedom, e.g., graphene and
monolayer TMDCs. Given that Te(2) and Te(3) form a quasi-
2D honeycomb lattice in Cr0.32Ga0.68Te2.33, the electronic

structure of this compound may also have an active valley
degree of freedom if its electronic states near the Fermi level
are contributed by the S and P orbitals of Te(2) and Te(3).
Further, considering the structure of Cr0.32Ga0.68Te2.33 has
broken inversion symmetry and heavy Te element brings in
strong SOC, these traits, in combination with the valley degree
of freedom, possibly generate a spin-valley locked state as seen
in monolayer MoS2. If this is the case, the 2D FM layer of Cr
likely causes valley polarization. To theoretically demonstrate
these possibilities, we performed DFT calculations to
investigate the band structure for Cr0.32Ga0.68Te2.33. Given
that this new compound has a non-stoichiometric composition
with a number of vacancies at [Te(2), Te(3)] and (Cr, Ga)
sites, which makes DFT band structure calculations extremely
di"cult, we adopt an approximated structural model that
assumes that (i) Te(3) sites are fully occupied while one-third
of Te(2) sites form vacancies due to the formation of Cr
octahedra and (ii) Cr atoms and Ga atoms are periodically
distributed so that one supercell contains two Ga atoms and
one Cr atom, as shown in Figure 5c. The composition
corresponding to such an approximated structure is CrGa2Te8
(CrGa2(Te1)3(Te2)2(Te3)3), as shown in Figure 5c,d.
Although it deviates from the refined composition
Cr0.32Ga0.68Te2.33 (which is equivalent to CrGa2.13Te7.28), it
enables realistic calculations and captures the main character-
istics of the band structure of this material. We employed the
r2SCAN density functional36 together with an on-site Coulomb
repulsion correction (U = 5 eV) on the d electrons of Cr. We

Figure 5. (a) Transmittance spectrum of Cr0.32Ga0.68Te2.33 measured
at room temperature. (b) Tauc plot of Cr0.32Ga0.68Te2.33 showing the
direct bandgap of 0.36 eV. (c) Schematic of crystal structure and out-
of-plane ferromagnetism induced by the Cr sublattice for CrG2Te8
(CrGa2(Te1)3(Te2)2(Te3)3). Di!erent sites of Te are shown with
di!erent colors. (d) Schematic of the Te2−Te3 plane. (e) High
symmetry points in the Brillouin zone of the calculated band structure
for CrG2Te8. (f) Band structure with magnetic Sz projection. (g)
Density of states with projections on di!erent ions and orbitals.
Positive and negative values indicate the Sz directions. The Fermi
level is indicated with a vertical dashed line.
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have also considered the out-of-plane ferromagnetism created
by the 2D Cr layer in the calculations. Our calculated density
of states (Figure 5f) demonstrates that the states near the
Fermi level are indeed dominated by the Te-sp states
contributed by the quasi-2D Te(2)-Te(3) honeycomb layer.
The calculated band structure not only confirms that this
material is characterized by valley-like electronic structures
near the Fermi level but also reveals valley-dependent spin
polarization, as shown in Figure 5f, where the spin polarization
of energy bands is color coded. Those spin-polarized valleys
are on the high symmetric paths of Γ-M1, Γ-M1′, Γ-M2, Γ-
M2′, Γ-M3, and Γ-M3′ in the Brillion zone (Figure 5e).
Furthermore, we also observed clear signs of valley polar-
ization, as manifested by the asymmetry between spin-up and
spin-down valleys (Figure 5f). Therefore, Cr0.32Ga0.68Te2.33 is a
possible candidate for bulk ferrovalley material, though our
calculations do not fully capture the electronic properties of
this material due to the simplified structure model used in the
calculations (note that the calculated band structure suggests
that this material is a half-semimetal rather than the
experimentally observed semiconductor with a narrow direct
band gap). In addition, the optical band gap of a layered
material is typically smaller than its fundamental gap due to the
large excitonic e!ect since the electron and hole are confined
within layers.37
Prior studies on valleytronic states are mostly focused on 2D

materials. There are only a few bulk materials that are found to
have spin-valley locked states, including 3R-MoS2,38 2H-
NbSe2,39 and BaMnSb2.40 These materials do not show
spontaneous valley polarization due to the lack of ferromag-
netism. The possible valleytronic state with spontaneous valley
polarization in Cr0.32Ga0.68Te2.33 o!ers a rare opportunity to
investigate the unique valley transport behavior in ferrovalley
materialsthe anomalous valley Hall e!ect (VHE).22 As
noted above, the VHE is unique to valleytronic states where
valley-contrasted Berry curvature gives rise to opposite
transverse velocities, resulting in spatial separation of carrier
spin near the sample edges.7 While the VHE has been
extensively investigated in 2D valleytronic materials,7,9,41−43

the anomalous VHE is a recently developed new concept,
which is predicted to be present in only ferrovalley materials.
Unlike the VHE, which arises from two types of carriers with
opposite spins from two di!erent valleys and does not produce
charge Hall current, the anomalous VHE involves only one
type of carrier from a single valley and induces additional
charge Hall current and spin accumulation only near one
sample edge. Theory predicts that anomalous VHE can be
used to develop electrically reading and magnetically writing
memory devices for valleytronic and spintronic applications.
Although many 2D ferrovalley materials have been predicted as
noted above, the anomalous VHE has not been demonstrated,
possibly due to the di"culties of the synthesis of the predicted
materials. Given that we have shown that Cr0.32Ga0.68Te2.33 is a
possible bulk ferrovalley material, it may be a promising
candidate for the investigation of anomalous VHE using optical
techniques such as Kerr rotation.
Finally, we would like to mention that the calculated

interlayer binding energy of CrG2Te8 is ∼21 meV/Å2, within
the range of 13−21 meV/Å2 previously found for typical
layered vdW materials.44 Such a small interlayer binding energy
implies that this material can possibly be exfoliated to 2D
atomically thin layers. To verify that, we performed mechanical
exfoliations on Cr0.32Ga0.68Te2.33 crystals and found they can be

easily exfoliated down to a few layers and even to a monolayer
(see Supplementary Figure S4). The access to 2D atomic
crystals o!ers opportunities for electric-field control of the
valleytronic state of Cr0.32Ga0.68Te2.33.

3. SUMMARY
In summary, we have discovered a new vdW semiconducting
compound Cr0.32Ga0.68Te2.33, with a narrow direct gap (∼0.36
eV) and out-of-plane ferromagnetism (Tc ≈ 20 K). Through
comprehensive studies using X-ray di!raction, neutron
scattering, STEM, and SHG techniques, we find that this
material crystallizes in a non-centrosymmetric trigonal
structure with the space group of P3. This structure exhibits
several interesting characteristics: (i) Cr and Ga form
octahedral and tetrahedral coordination with Te, respectively,
with the distributions of these Cr-octahedra and Ga-tetrahedra
likely showing short-range order; (ii) this structure can be
viewed as a naturally formed heterostructure: a quasi-2D
[Te(2), Te(3)] layer with a honeycomb lattice stacked on the
[(Cr, Ga)-Te(1)] slab, which shows short-range FM ordering.
The DFT band structure calculations based on the simplified
CrGa2Te8 structure model suggest that the 2D honeycomb
lattice of [Te(2), Te(3)], in combination with the ferromag-
netism generated by the Cr layer, inversion symmetry breaking,
and the strong SOC from the heavy element Te, likely creates
a unique spin-valley locked state with valley polarization near
the Fermi level. Therefore, Cr0.32Ga0.68Te2.33 o!ers a rare
opportunity to explore the physics of the valleytronic state with
spontaneous valley polarization, e.g., the anomalous valley Hall
e!ect.

4. METHODS
4.1. Synthesis Method. The Cr0.32Ga0.68Te2.33 single crystal was

grown through the flux growth method. High-purity Cr powder, Ga
ingot, and Te power were mixed with the mole ratio of Cr:Ga:Te =
1:8:36, and the mixture was loaded into an alumina crucible with a
volume of 2 mL. The alumina crucible was put into a quartz tube and
then covered by quartz fiber. The quartz tube with loaded source
materials was then sealed under high vacuum. The sealed quartz tube
was put into a mu#e furnace and heated to 950 °C for 24 h to ensure
homogeneous melting. The melt was then cooled to 660 °C in 150 h,
followed by a slower cooling rate of 1 °C/h to 600 °C. The furnace
was then quickly cooled down to 550 °C, and excessive Te and Ga
flux was removed by centrifugation at 550 °C. Plate-like
Cr0.32Ga0.68Te2.33 single crystals with typical dimensions of 2 mm ×
2 mm × 0.2 mm were obtained after centrifuging.

4.2. X-ray Di!raction Pattern and Magnetic Property
Measurements. The phase purities of all samples selected for
experiments were verified by single crystal XRD using Bruker Q8
Quest Eco at room temperature. The composition of the crystal is
analyzed using X-ray energy-dispersive spectroscopy (EDS) measure-
ments. The EDS mapping verified the homogeneity of the sample.
Magnetic properties of the samples were measured using a
superconducting quantum interference device (SQUID, quantum
design).

4.3. Neutron Di!raction Experiments. Two neutron di!raction
experiments were conducted at the single-crystal di!ractometer
TOPAZ, located at Oak Ridge National Laboratory, USA.45 The
same piece of plate-like crystal was used for these two experiments. A
full data set was collected at 4, 30, 90, and 300 K. The crystal was
rotated through a wide angle beyond 130° for survey on the elastic
peaks in a wide range of reciprocal space. A CryoStream 700 Plus was
used to collect the data at 90 and 300 K, whereas a cryogenic
goniometer was adapted to cover the temperature region in 4 K < T <
300 K. The temperature dependence of a couple nuclear/magnetic
peaks including low-Q (010), (−110), (−111), (020), (−330) and
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high-Q (−432), (016), (−442) in 4 K < T < 30 K was measured by
isothermal measurements at di!erent temperatures going through TC.
The data were reduced using Mantid46 and Python scripts available at
TOPAZ.47 The Bilbao Crystallographic Server34 was employed to
determine the symmetry-allowed magnetic structures. The crystallo-
graphic computing system JANA48 was used to determine the crystal
structure.
4.4. Transmission Electron Microscopy. The cross-sectional

TEM sample along the [100] zone axis was prepared using the
focused ion beam (FIB). The cross-sectional lamella was first
extracted from the crystal surface by creating trenches with a 30 kV
ion beam and performing the in situ lift-out with the micro-
manipulation needle. The lamella was then mounted onto the copper
FIB/TEM grid and thinned down to 200 nm with a 30 kV ion beam
and further down to electron transparency with a 5 kV ion beam. The
final cleaning was performed with a 2 kV ion beam to remove the
surface damage and reduce amorphization. The planar sample along
[001] zone axis was prepared via a standard mechanical exfoliation
technique from bulk Cr0.32Ga0.68Te2.33 crystals, followed by trans-
ferring the exfoliated flakes to the TEM grid. High-angle annular dark
field (HAADF) STEM was performed in a ThermoFisher Titan G2
equipped with a probe corrector. The acceleration voltage for the
imaging was 80 kV to reduce the knock-on damage from the electron
beam. The convergence angle and collection angle for the experiment
are 21.5 and 60−200 mrad, respectively.
4.5. Transmittance Spectrum. The transmittance spectrum of

Cr0.32Ga0.68Te2.33 was measured from 1.24 eV (1 μm) to 0.062 eV (20
μm) with a Bruker Hyperion 3000 Microscope equipped with a 15×
objective lens. The absorption coe"cient was estimated from the
transmittance spectrum. The bandgap, Eg, is related to the absorption
coe"cient α by (αhν)1/n = A(hν − Eg), where A is a proportionality
factor and n equals 0.5 and 2 for direct and indirect bandgaps,
respectively.49 By plotting (αhν)n vs E with n = 0.5 or 2, one can
identify the correct transition from the plot, giving the better fit. Then,
the bandgap can be extracted by extrapolating the linear region to
where (αhν)n = 0.
4.6. Second Harmonic Generation. SHG polarimetry was

performed in reflection geometry with a 1550 nm fundamental laser
generated by a Ti:sapphire femtosecond laser (100 fs, 1 kHz). The
crystal was oriented such that [21̅1̅0] // lab X, [011̅0] // lab Y and
[0001] // lab Z, as shown in Figure 2a. The fundamental beam was
linearly polarized and rotated by an angle of ψ using a half waveplate.
The p-polarized (∥) and s-polarized (⊥) SHG responses were
measured by a photomultiplier tube detector and fitted simulta-
neously to an analytical model based on point group 3.
4.7. First-Principles Computational Details. First-principles

calculations based on density functional theory50 are performed using
the Vienna Ab Initio Simulation Package (VASP)51 with the
projector-augmented wave (PAW) method.52,53 The r2SCAN meta-
GGA functional36 is employed in this work due to its improved
numerical stability and accuracy.36,54 The valence configurations are
taken as Cr: 3p63d 54s1, Ga: 3d104s24p1, and Te: 5s25p4. An energy
cuto! of 500 eV is used to truncate the plane wave basis, together
with a 1000 eV cut-o! energy of the plane wave representation of the
augmentation charges. Γ-centered meshes with a 6 × 6 × 6 mesh for
the k-space sampling were used for the self-consistent calculation with
an energy tolerance of 10−6 eV.
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